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Abstract- Digital Elevation Model (DEM) is a most significant spatial input for the physical, hydrological
models. Sometimes, the DEM resolution is needed to be changed to manage quick simulation in the large
basins and to provide a pre-defined grid size required for a physical model. In such conditions, resampling of
DEM data to specific grid size is shouted. In this study, the effect of DEM resolutions resampled with three
methods (1) Nearest Neighborhood (2) Bilinear and (3) Cubic Convolution have been examined in the
Gandak River Basin (GRB). The result for the GRB shows that stream flow is significantly affected by DEM
resolution, where it overestimates the flow for coarser resolutions (DEM grid size >150m). T-test statistics
demonstrates that the flow is significant at yearly time step for the coarser resolution (DEM grid size >500m)
while it is insignificant at monthly time step.
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1. INTRODUCTION

The Hindu-Kush Himalayan region- known as “roof of the world” is significantly affected by anthropogenesis and
climate change issue. This is threatening the human health, food production and natural ecosystem in the region [1]-
[5]. Due to difficulty in the simulation of hydrology for Himalayas, it has become a prime field of research in this
region. Use of physically based models (such as SWAT model) has proven their usefulness to estimate hydrological
parameters from watersheds and effectively are being used in environmental risk management worldwide since last
two decades [6]-[10].

Uncertainty in the simulated hydrological results should be understood to better quantify the parameters. A
considerable progress has been made in the quantification of model uncertainty [11], [12] due to process parameters
. The ability of physically based models to predict the hydrological process significantly depends on the input
forcing .Therefore, it should be in more attentions [13].

Digital Elevation Models (DEMSs) are key spatial input to derive watershed boundary, slope gradient, channel
network, flow direction, flow accumulation and many other for hydrological model like Soil and Water Assessment
Tool (SWAT) and Topography-based hydrological model (TOPMODEL) [9], [14], [15]. For example, low-
resolution DEM may result in decrease slope which directly impact the stream network, sub-basin delineation and
finally affects the number of Hydrological Response Units (HRUs) [16].

Several studies have demonstrated the effect of DEM resolution, sources and resampling methods on the
output of hydrological models. [17] Investigated the impact of DEM mesh size (from 20-200 m) to simulate the
flow, sediment and NOs-N load at the outlet of 21.8 km? large agricultural watershed. He found that decrease in
mesh size beyond a threshold limit may not substantially affect the computed runoff flux but significantly affects the
sediment and NO3-N load. [18] Evaluated the sensitivity of SWAT model to simulate flow due to original and
resampled DEM in the Charlie Creek basin, Florida, USA. They concluded that the accuracy of simulated
streamflow significantly differs between original 90m, 30 m and resampled 90 m DEMs. [7] Evaluated the
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performance of two DEM sources ASTER GDEM V 1.0, SRTM V 4.1 with eleven resampled DEMSs ranging
between 5m -140m. They chose Xiekengxi River watershed (81.7 Km?) for the case study and concluded resampling
DEMs to course resolution has a decreasing trend to predict total nitrogen (TN), total phosphorous (TP), and
sediment; predicted runoff is not sensitive resampling resolution.

Previous studies were focused on the hydrological uncertainties in the relatively small and low relief
basins. Very little attention has been made for large mountainous and glacier river basins like Himalayan River
basins Gandak [19] and also with high-resolution temporal outputs [9]. So, it is meaningfull to carry out the DEMs
based hydrological in this region.

2.MATERIALS AND METHODS

2.1 Description of Study area

The Gandak River Basin (GBR) - a trans-boundary river basin whose area lies in the China (Tibet), Nepal and India.
River originates at the high altitudes (7620m from m.s.1.) in the northeast of Dhaulagiri, nearby Tibet -Nepal border at
geographical position 29.3°N and 83.97°E; whereas it confluences with river Ganga river near Patna, Bihar (India).
The GBR covers a very large geographical area (44797 Km?) between 25.6° and 29.4° N and 82.8 ° and 85.82 ° E out
of which 7620 Km? falls in India and rest in Nepal and Tibet. Basin has a very young and fragile geology, causing
muddy flood in the India portion due to intense rainfall (maximum 24-hour rainfall of 50 years is 2800mm) occurring
in the mid hills of Nepal. The location of the study area is given in Figure 1.

The basin comprises of diverse ecosystems and biodiversity, from the alpine arid rain shadow areas of the
Tibetan Plateau through the steep topography of the high mountains, including some of the world’s highest point,
Shivalik hills, Dhaulagiri (~8100 MSL), to the flat plains (33 MSL) towards its confluence. Gandak River runs 380
Km in Nepal and Tibet and 260 Km in India before reaching to Patna. The river has six sub-catchments namely Kali
Gandak, Seti, Marshandi, Budhi Gadak, Trisuli and Rapti, out which five arises in the highly elevated areas of
Himalaya. In the very north of the Himalayan Range, the basin is categorized by a dry alpine climate with very low
precipitation; however towards southern part which outspreads from mid-hills to very flat area (Indian portion), has a
humid climate with relatively high precipitation. Based on GlobeLand30 [20] global land cover data 2010, GBR has
33.1% forest, 22.04 agricultural land, 20.78% grassland, 10.24% ice/snow cover, 9.4 % barren land, and only 0.16 %
urban land.

2.2 Description of the data used

In this study, we used DEM (SRTM 90m v4.1), FAO soil map, land use map (GlobeLand30-) one time spatial forcing
and hydro-climatic data. GlobeLand30- land use data for year 2010 was collected from China’s global land cover
mapping site (http://glc30.tianditu.com/). Also, we used temporal forcing for precipitation-APHRODITE and Climate
Forecast System Reanalysis (CFSR) for meteorological parameters like minimum and maximum temperature, relative
humidity, wind speed and sunshine hours. Thirteen years (2000-2012) of observed discharge data at Triveni site was
obtained from Central Water Commission (CWC) government of India to calibrate the SWAT model.

The SRTM 90 m [21] is a joint project between the United States National Aeronautics and Space
Administration (NASA), the German and Italian space agency and the National Imagery and Mapping Agency
(NIMA). Mission started its data acquisition in February 2000 and covers almost 80% of the globe between 60N to
56S. To study the impact of DEM resolution and resampling methods on hydrology, forty-eight scenarios [sixteen
DEMs ( 40m, 50m, 60m, 70m, 80m, 90m, 100m, 150m, 200m, 300m, 400m, 500m, 600m, 700m, 800m, 1000m of
grid size) for each resample method viz. nearest neighbor (N), bilinear (B) and cubic convolution (C)] were
calculated from original SRTM 90m v4.1 using ArcGIS desktop10.2 (ESRIInc., Redlands, CA).

2.3 Evaluation of uncertainty in the flow due to DEM grid size for SWAT model
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Fig. 1.1 Location map of the study area

SWAT model [22] is a semi-distributed hydrological model which is originally developed by the United States
Department of Agriculture-Agricultural Research Service (USDA-ARS). It calculates the runoff based on the Curve
Number (CN) method developed by [23] (USDA-SCS 1972. We used SWAT2012 (http://swat.tamu.edu/) in this
study. It divides the watershed into sub-basins which are then further divided into HRUs based on the unique land use
and soil group. Sub-basins preserves the flow paths, channels, slope and boundaries that are required for routing of
flow, sediments and nutrients load and these rely on DEM. DEM majorly influences the flow and nutrients load
modeling through topographic attributes [6]. Thus, during evaluation of SWAT model outputs uncertainty due to
DEM resolution and resampling methods, it is required to inspect the uncertainties of watershed topographic inputs.
Therefore, we examined the following topographic characteristics from basin: number of HRUs and sub-basins, area,
mean basin slope, mean basin altitude, and perimeter; from sub-basin: field slope and longest path; from reach: mean
slope, mean reach depth and width (Appendix 1). Because of there were more than one sub-basins and reach in this
study, all the considered topographic characteristics were averaged to simplify the assessment.

Initially, we calibrated the SWAT model for flow at the outlet on a daily basis. The calibration period was
eight years (2000-2208) and we considered both land and snow parameters to achieve good statistics between
observed and simulated flow. SUFI-2 optimization algorithm was used to optimize the flow with Nash-Sutcliffe
efficiency (NSE) as the objective function. The model performance was considered satisfactory if NSE >0.5, R? >
0.5 and PBIAS =+ 25%. Thereafter, the calibrated parameters were transferred to other forty eight scenarios to
calculate the uncertainty. All forty eight scenarios were run from 1983-2007 (nearly 25 years) on daily basis. Relative
difference (RD) statistical parameter has been employed to ascertain the uncertainty (equation 1.1)

P_R _PQOB

RD=-" equation 1.1
P9[)B

Where P;i g monthly predicted SWAT outputs at DEMs resolution (x) and resampling techniques (R) and Pggg is the
monthly SWAT outputs at 90 m bilinear resampled DEM. Monthly SWAT outputs of Pgs was considered the
corresponding base value and it was assumed to be the best. The results and discussion section of this manuscript use
RD as an uncertainty measure (RD of +ve i.e. overestimation and RD of —ve i.e. underestimating).
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3. RESULTS AND DISCUSSION
3.1 Uncertainty in the modelled flow

For flow (Fig. 1.2), RD was +10% and most of the time ~0 for scenarios falling within <300 m resolution; however
60N and 90N were two aspersions where RD was found >10%. RD was +ve for DEMs >300 to <700 m resolution
and beyond 700 m resolution it —ve for B and C. The maximum RD of flow was 34.7% for 600B. For most of the
time RD of flow is overestimating in nature for scenarios <150m of DEM resolution. When we compared the RD
between N, B and C, it was found that it B shows less variation of RD from zero below 300m resolution. It also
explored the variation of RD within a season. For summer/monsoon period (April to Juley), RD is almost bell shape
and peak increases with coarser resolution. In this period also, scenarios falling <300 m of the resolution were
having relatively mild peak than coarser resolution.
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Fig. 1.2 The temporal sensitivity of average monthly SWAT flow output (period 1983-2007) at the different months
varying with different DEM resolution and resampling techniques.

SWAT model does not adjust CN for slope [7]. That is why in this study mean basin slope (Appendix I)
changes with coarser resolution (for all resampled methods), but runoff is not sensitive till 600m. We had observed a
stable trend of runoff and perimeter variation for different resampled resolution. Secondly, we had seen the
comparable variation of flow and mean altitude for resampled resolution >600m. This is only due to change of
temperature lapse rate and precipitation lapse rate in the snow module of SWAT model. Temperature and
precipitation lapse rate are the function of elevation. The change elevation due to resampling to courser resolution
also changes the mean elevation of elevation bands. This ultimately affects the snowpack and snowmelt and finally
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resultant flow. We have seen significant change in elevation for resolutions >700m for B and C, it explains the
significant change in flow for counterpart scenarios. The overestimation nature of (+ve RD) for DEMs >300 to <700
m resolution is mainly attributed to the changes in water accumulation areas [7].

It is very important to see the significance of the change in trend between base outputs (90B) and others
mainly with change in spatial resolution, temporal resolution and resample methods. We used T-test statistics to see
the significance in trend (if any exists). The flow (Table 1.1), has no significant trend at yearly scale due to
resolution till 500m resolution for each N, B, and C except at 60N and 90N where it was found significant. On the
other hand, at monthly scale, there was no any significant change in trend caused by DEM resolution for all
resampling methods. This simplifies that the effect of DEM resolution is not significantly attributes the error on the
monthly scale, whereas its accumulated result is significant for courser temporal resolution i.e. yearly time interval
and for courser DEM resolution (>500m).

Table 1.1: shows t-test statistics of yearly and monthly flow (1983-2007) for three different resampling methods.

DEMs Nearest Neighbor Bilinear Cubic Convolution
Yearly Monthly Yearly Monthly Yearly Monthly

t-Stat  Signi  t-Stat  Signi. t-Stat  Signi. t-Stat Signi. t-Stat Signi. t-Stat  Signi.
40 0.01 No 0.00 No 0.08 No 0.01 No 0.04 No 0.00 No
50 0.08 No -0.01 No 0.02 No 0.00 No -0.06 No -0.01 No
60 3.23 Yes 0.33 No -0.01 No 0.00 No -0.01 No 0.00 No
70 0.06 No 0.01 No 0.01 No 0.00 No 0.51 No 0.05 No
80 -0.05 No 0.00 No -0.08 No -0.01 No -0.06 No -0.01 No
90 3.27 Yes 0.33 No 0.00 No 0.00 No -0.05 No -0.01 No
100 0.16 No 0.02 No 0.08 No 0.01 No 0.15 No 0.02 No
150 0.35 No 0.04 No 0.48 No 0.05 No 0.32 No 0.03 No
200 -0.01 No 0.00 No 0.08 No 0.01 No 0.19 No 0.02 No
300 1.17 No 0.12 No 1.22 No 0.12 No 1.07 No 0.11 No
400 1.42 No 0.14 No 1.17 No 0.12 No 1.29 No 0.13 No
500 0.84 No 0.09 No 0.84 No 0.09 No 0.90 No 0.09 No
600 1.59 No 0.17 No 1.67 Yes 0.18 No 1.55 No 0.16 No
700 1.79 Yes 0.19 No 1.84 Yes 0.20 No 1.68 Yes 0.16 No
800 1.98 Yes 0.21 No -4.94  Yes  -0.54 No -511  Yes -0.53 No
1000 1.90 Yes 0.12 No -7.45 Yes -0.83 No -3.46 Yes -0.40 No

4. CONCLUSINS

DEM is the key spatial input forcing for physically based hydrological models which is causing uncertainty in
hydrological outputs. Some times in hydrological modeling we need to coarser size of grid to faster the simulation
and sometimes, we need specific grid size for model input. In such cases we need to resample the grid size. In this
study we studied the SWAT model uncertainties due to DEM resolution and resampling methods to simulated flow.
The result reveals that the topographical parameters alter with change in DEM resolution. This is the key causing
uncertainty in the hydrological outputs. The RD results show that the flow variation is +10% for DEM resolution
<300m.On the other hand, the t-test statistics shows no significant trend at monthly time step however; it is
significant at monthly time step for DEM resolution >500m. Among Nearest neighborhood, Bilinear and Cubic
Convolution resampling methods, bilinear method shows less RD than others. Therefore, Bilinear resampling
method with <300m of DEM resolution can be used for flow modelling in this region.
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